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Calcium carbonate with impurities of lead and manganese have pro-
duced measurable thermoluminescence (TL) when excited by ultraviolet (uv)
radiation. In this investigation the lead impurities comprise the
majority of trapping centers stimulated by uv irradiation. In addition,
centPrs associated with the CO3 groups have been found to be capable of
absorbing uv and ultimately producing TL. The 2537 mercury line is
primarily responsible for stimulating these centers, and the response
was found to be linear to 0.6734 joules/cm2.
The thernoluminescence response was discovered to be dependent
on the concentrations of lead and manganese. However, for a given con-
centration of manganese there exists a particular concentration of lead
that will maximize TL.
The wavelength region 3100 to 3300 R was found to be responsible
for optically detrapping charges previously stimulated by 2537 A
irradiation.
The studies of linearity of response, dose rate dependence, fading,
and wavelength response indicate that this phosphor may be employed as
an ultraviolet TL dosimeter. This would permit the application over the
range of uv wavelengths from 2300 A to 2700 A, and dose rate intensities




PURPOSE OF THE INVESTIGATION
The purpose of this investigation was to study the thermolumines-
cence and associated physical phenomenon of calcium carbonate (CaCO3)
under ultraviolet excitation. Primary importance was given to the be-
havior of this material containing the specific impurities of manganese
0112+) and lead (Pb2+). Comparisons were also made on calcium catbonate
with high concentrations of manganese and on high purity calcium carbo-
nate. Thermo luminescence (11) measurements significant to this investi-
gation were linearity of response, sensitivity changes, TL response as
a function of crystal orientation, dose rate dependence, TL sensitivity
to wavelength, and comparison of TL responses of the systers Ca003:
Mn+Pb, Ca(03:Mh, CaCO3. Associated physical phenomenon of particular
interest to this investigation included studies made on the emission
spectra, optical absorption, and impurity analysis of lead-manganese
calcites. In addition, the useful dosimeter characteristics were
examined with the possibility of employing calcium carbonate as an
effective and reliable ultraviolet radiation detector utilizing the
theilloluminescence principle.
BASIC PHYSICS
It has been demonstrated that calcium carbonate, combined with




ndnescence when exposed to ultraviolet radiation.
1, 
This ultraviolet
stimulated thermoluminescence of the system CaCO3:Mh+Pb has the same
emission characteristics as x-ray excited theriluluminescence of the
system CaCO3:Mn.3 The traps which produce the tuluminescence of the
latter of these two systems have been co related with color centers
created by ionizing radiation. As a result, the electronic structure
of the lattice is altered causing transfer of electrons freutCO3 to
Ca2+ ions, and ultimately producing 030 (F center) and Ca + CV center).3'4
In addition, five uv absorption bands (3500 3100 R, 2950 A, 2600 A,
2300 R) are introduced into the material by this ionizing radiation.3
Thermoluminescence of this system (CaCO3:Mh) is closely associated with
these x-ray induced uv absorption bands, since the thermal bleaching of
these bands coincides with each of the prominent glow peaks .3
Most of the research of TL in calcite concerns itself with manganese
calcite excited by ionizing irradiation. The work of Schulman et al.
3
have involved excitation of lead-manganese calcite by ultraviolet
irradiation. The TL produced from the latter eperiments is explained
as a sensitized luminescence process. The purpose of this investigation
was to further study the effects lead and manganese had on the production
of thermoluminescence in calcite by ultraviolet excitation. Special
emphasis was given to identifying the role the lead impurities played
in causing thermoluminescence phenomenon in calcite.
APPLICATION TO DOSIMETPY
In recent years impetus has been given to technological advancement
in the uses for ultraviolet radiation. Many industrial applications
require the use of uv radiation for crack and leak detection,5
3
sterilization of air and water,6 and uv welding.5 In keeping pace with
the numerous applications, it should be noted that much attention has
also been given to the injurious effects produced by ultraviolet radiation.
Ultraviolet radiation is responsible for causing erythema (sunburn),
hyperplasia, thickening of the corneum, keratosis, and production of
melanin.7 Furthermore, such skin cancers as squamous-cell and basal-cell
carcinomas (epidermal types) are produced by exposure to uv.7
There exists a variety of conuercial instruments that eloploy
various methods to detect and reasure uv radiation. Thermopiles are the
most accurate uv detectors, but are quite fragile and sensitive to small
temperature variations. This device is more adaptable to laboratory
environments.8 Photomultipliers are more rugged and easier to use than
thermopiles, but require complex electronics and their size may be prohi-
bitive.8 Other meth-Ids employ photovoltaic cells, phototube devices,
and photographic plates .9 However, the trade-offs are bulk, complex
electronics at the site of exposure, and low sensitivity. The device
that is required is an ultraviolet detector with high sensitivity to a
very wide range of radiation levels. In addition, this detector must
also carbine the qualities of acceptable size, simplicity of operation,
low cost, and stability in other radiation environments.
Sore phosphors employing the theiguluminescence principle have
been proposed as possible ultraviolet dosimeters.10 The useful thermo-
luminescent dosimeter characteristics of calcium carbonate will be




THEORY OF TIIERNDLUMINESCENCE AND MEW CURVES
Radiation on son phosphors at law temperatures causes electrons
to assume metastable excited energy states. Such states are the result
of confining an electron or hole to so-called trap. Electron or hole
traps are formed by several types of crystal imperfections that have the
ability to localize an electron or hole at an excited energy level.
These traps can take the form of vacant lattice sites, foreign atoms in
either interstitial or substitutional positions, and structural disloca-
tions.
When these materials are brought to higher temperatures (below
significant black-body radiation), the thermal energy of activation is
absorbed by these traps or sensitizers and thereafter transferred by a
nonradiative resonant mechanism to the activator. This energy transfer
causes an optical transition in the activator which results in the
production of a visible light photon.
Thus, thermoiuminescence is in the case of calcite the light or
radiation emitted by the phosphor as a result of the addition of the
thermal energy of activation.
Theinuluminescence is studied most conveniently by the "glow
curve" technique. A glow curve is a graph showing intensity of
theruuluminescence output in relative units as a function of the
5
temperature while the sample is being heated. These glow curves are
usually generated by plotting a photomultiplier tube output current
(TL intensity) vs. the temperature of the sample.
Glow curves supply information useful to the study of these
electron and hole traps. The trap depth E, or the difference in
electron energies between metastable states and states which result
in endssion, is of special interest. Many mathematical formulations
have been devised that use glow curve parameters in the determination of
these trap depth energies.
11,12
Sample calcite crystals with impurities of manganese and lead
have been observed to produce theLnuaurinescence upon excitation with
ultraviolet radiation •1,2
In Figure 1, the two prominent glow peaks of CaCO3:N1n+Pb are
shown. The glow curve was produced by excitation of the phosphor with
ultraviolet radiation of 2537 R.
Peak A (95 °C) is unstable and decays rapidly at room temperature.
Peak B (225 °C) and peak C (320 °C, not shown) are conuun to most man-
ganese activated calcites and have been used in paleoclimatological and
dating studies.13 Peak C (350 
o
C, not shown) is affected by the mechani-
cal treatment of the materia1.14
MECHANISNE FOR THE UV SENSITIZED TL OF CALCITE
The literature search dealing with the thermoluminescence theory
of calcite indicates that this phenomenon is attributed to the process
of sensitized luminescence, both as a host and impurity sensitized
system. Sensitized luminescence refers to the process whereby an
impurity ion (activator or emitter) is enabled to luminesce upon
••
••

























































































































absorption of radiation in a different type of center (sensitizer or trap)
and upon the subsequent radiationless transfer of energy flum the sensi-
tizer to the activator.15
The entire process described by Dexter
15 consists of five stages:
(1) the absorption of a photon of energy Eo by the sensitizer, (2)
relaxation of the lattice surrounding the sensitizer by an amount such
that the available electronic energy in a transition from the sensitizer
is El<Eo (Stokes Shift), (3) transfer of energy El to the activator,
(4a) relaxation around the activator such that the available electronic
energy in a radiative transition is E2<:E1, (4b) relaxation around
the sensitizer to a state similar (but not necessarily identical) to its
original unexcited state, (5) emission of energy E2. A better under-
standing of the overall phenomenon can be grasped through consideration
of the configurational coordinate diagram, Figure 2. This diagram
relates the potential energy of the systaa as a function of generalized
interatomic distances •16
The configuration coordinate representation is fundamentally
connected with the Franck-Condon principI 6 In summary, electronic
transitions in molecules occur in times which are very long compared
with the period of vibration of the nucleus. Hence, the most probable
electronic transitions proceed vertically in the energy level diagram
and occur when the kinetic energy of the nucleus is at a minimum that
is at the end points of its vibration (a and c).
An unexcited center at equilibrium in its ground state (Ea) may
be raised to an excited level by absorbing energy equal to Eb-Ea.
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Figure 2. General configaration,d. coordinate diagram
9
to the lattice in about 10
-12 seconds, and comes to equilibrium in the
excited state level Ec'.
When the selection rules are favorable the center may make a
radiative transition by emitting the energy Ec' - Ed as a luminescent
photon. At this point the center still has an excess of vibrational
energy and may return to the original ground state by giving up energy
Ed-Ea, as further heat to the surrounding crystal. This type of confi-
gurational center is known as an activator or emission center.
When the selection rules for a radiative transition are forbidden
from EC' to Ed, Ec' is considered a netastable state. An additional
energy may he needed to raise the center into a more highly excited state
from which a radiative transition is permitted. Centers in such states of
Ec' are considered traps or sensitizers.
EMISSION CENTERS
The literature indicates that the .mission spectra for manganese
activated calcite constitutes a single broad peak centered at 6500 A and
extandimg above and below that wavelength to 7800 A and 5100 A respective-
The emission centers in calcite have been studied in two ways:
characteristics of impurity addition and by emission spectra studies.
The addition of specific impurities with otherwise pure synthetic
sanples has allowed comparison of glow curves of natural samples with
those of synthetic preparations. Medlin17, using the preparation of
synthetic calcite by Fonda18 and coprecipitation of specific impurities,
has determined that divalent manganese is the most important activator
in calcium carbonate. It accounts for a pair of prominent glow peaks
10
in most natural samples at 350 °K and 500 °K. This evidence is
also supported by the investigations of Tanaka19, and Nichols,
Howes, and Wilber.2°
Lead, Pia2+, also has been found to function as an activator in
calcite21 and is responsible for glow peaks at 300 °K and 410 °R, but
with a much lower efficiency than 1112+.
Mediin21 also observed that trace elements of Fey, Co2+, and
2+Ni serve as quenchers of TZ in calcite. Furtheimore, the efficiency
of luminescence was shown to be a function of activator concentration.
Johnson and Wil1iams22 have calculated the luminescent efficiency as a
function of activator concentration and have shown that if another
luminescent center 1‘112-1-) is within 2.5 nearest neighbor distances then
the luminescence will be quenched.
In a later investigation by Medlin17 the emission spectra due to
Mh2+ in calcite was interpreted on the basis of crystal field theory
for transition metal ions. Equations developed by Orge123 from group
theory allowed the calculation of energy levels of the ground state and
the excited states of Mn 2+ in the calcite lattice. From these considera-
tions it was shown that the 6500 R thermoluminescence emission in 'man-
ganese activated calcite is due to the G(Tig) S transition in the
manganese ion. This is a forbidden transition and cannot be directly
excited by optical absorption of a 6500 photon. The effect of the
calcite lattice,therefore,is to split the Mn2+ excited levels into a
number of sublevels, altering the energy spacing between the ground
state (
6S) and the first excited state (
4
G), from which thernoluminescence
emission takes place.
-3 -2 -I 0 I 2
CONFIGURATIONAL COORDINATE
3. Configurational Coordinate Diagram for Mn2+ Ion
calcite.
12
These results can be summarized in the configurational coordinate
diagram for the manganese ion in calcite, Figure 3.
The first excited state, 4G(T1g
), and the gLound state, 
6S,
curves do not cross or approach each other closely. This indicates that
radiative transitions which produce thermoluminescence are more likely
than non-radiative transitions.
The curves for all the higher excited levels are shallow, and
cross the 4G(T1g) curve at energies only slightly above their minima.
This indicates that non-radiative transitions to the 
4G(T1q) energy
are more likely than radiative ones to the 6S level. The result of
these conditions is that the only radiative transition likely is the
4
G(Tig)-10.6S1 and its corresponding emission of 6500 R.
SENSITIZERS.




transition in the manganese ion (emission center) is forbidden and can-
not be directly excited by optical absorption at this wavelength (6500
However, the literature indicates that indirect excitation of emission
centers through an impurity sensitizing agent (Pb2+) and by host
lattice absorption are possible. The energy transferred from these
sensitizers to the emission centers 
( 2+
ln ) cau s sensitized luminescence.
The luminescent output, the glow, is a result of the transition
in the emission center only and is independent in spectral characteristics
of how the energy is transferred to this ion. Investigations by G.
FOrnaca-Rinaldi24 have shown that beta (electrons) and ultraviolet
radiation gave the same thermoluminescence response. And, in a separate
study, Schulman, Evans, and Gintherl have found that cathode ray
13
excited emission spectra in manganese activated calcites is identical
to ultraviolet excited emission spectra of lead sensitized calcite.
IMPURITY SENSITIZED
TL studies by Schulman, Evans, and Gintherl have shown that man-
ganese activated calcites are inert to 2537 R uv excitation. However,
by incorporating small amounts of lead (Pb24) as an auxiliary impurity
calcite can be made to produce a strong TL response to uv at the
2537 5 wavelength. Absorption studies conducted by these researchers
indicate that the incoLporation of manganese impurities into calcite
does not produce any significant absorption other than that characteristic
of pure calcite. With the addition of lead, together with manganese
(CaCO3:Mn+Pb), the material produces an absorption band which is coinci-
dent with the uv excitation band of 2537
In a paper by Dexter15, the energy transfer nechanisms between
impurity sensitizer and activator in sensitized luminescence are presented.
These transfer mechanisms include, in decreasing importance: the overlap
of electric dipole fields of the sensitizer and the activator, overlapping
of the dipole field of the sensitizer with the quadrupole field of the
activator, and exchange effects. These mechanisms will produce sensi-
tization of energy between sensitizer and activator of about 10
3 to
104, 102, and 30 lattice sites respectively, surrounding each sensitizer
in a typical system.
Experiments on the impurity sensitized system: CaCO3:r4i+Pb on
the basis of resonance theory from sensitizer to activator were conducted
by Botden.25 Results indicate that 30 to 40 sites are influenced by each




Traps (electron and hole), defects, and impurities result in the
production of optical absorption bands in materials that are normally
transparent. It has been demonstrated that thermoluminescent calcite
crystals cm be visibly colored by x-ray irradiation, while non-
thermoluminescent calcite crystals remain uncolored.26 This suggests
some relationship between color centi=q-s and thermoluminescence to the
trapping centers associated with the glow peaks.
Absorption measurements by Kolbe and Smakula4 on high purity
calcite crystals colored with 300 eV electrons, showed two absorption
bands in the uv region of 2900 R and 3500 EX. The 2900 R band was
discove ed to be anisotropic and dependent on the orientation of the c
axis, while the 3500 R band remained isotropic. Correlation of these
two bands results from the lattice structure of calcite. The position
of the Ca ions in the lattice is isotropic and can be considered a
trapped electron (F center), and therefore responsible for the isotropic
3500 A band. The CO3 complex, however, is anisotropic and can be
considered a trapped hole (V center), and therefore responsible for the
2900 R band.
Medlin's3 investigation on x-ray irradiated Island-Spar calcite
crystals produced additional uv absorption bands. Heating calcite
crystals to temperatures high enough to produce partial thermal bleaching
allowed better resolution of the additional bands. Strong absorption
bands at 2950 X and 3500 X, and weaker bands at 3100 R, 2600 X, and
2300 A were discovered.
These other absorption bands, according to Medlin, are correlated
15
to transitions between the ground state and higher excited levels of
these electron traps. The different stages of thermal bleaching occur
when the charge centers, Ca (F center) and CO3 CV center), acquire enough
mobility to move within recombination range. Each individual bleaching
stage is then attributed to annihilation of one kind of electron trap
with a fraction of the hole trap centers. Emission of the 6500 R
photons presumably takes place when energy is transferred flow recombina-
tion sites to the Mh
2+ centers, possibly by Botden's exchange mechanism.
16
CHAPTER III
EXPERINENTAL MATERIALS, INSTREMENTATION, AND PROCEDURES
Naturally occurring calcite rhombs were obtained on loan from the
Nbbil Oil Field Research Laboratory, Dallas, Texas. Samples included
calcites frau a lead mine in Oklahoma, calcites with a high concentra-
tion of manganese from Chihuahua, Mexico, and high purity calcites
from Wards Natural Science Establishment, Rochester, New York.
Because calcite is an anisotropic material it was necessary to
cut samples parallel and perpendicular to the optic axis, i.e. the c
axis, to determine if the TL and other characteristics were dependent
on the orientation of the crystal at exbosure. Crystal samples were
cut from calcite rhombs using the method described in Appendix I.
Samples obtained in this manner had their budy axes either parallel
or perpendicular to the c axis of the material, and were of dimension
5 mm X 5 mm X I Tan in order to accomodate the size of the Harshaw
2000A heating planchet.
The glow curve experiments were carried out by first irradiating
the samples with a known intensity of ultraviolet ratiation from a
fifteen-watt General Electric G15T8 germicidal lamp. This low pressure
mercury lamp consists primarily of the 2537 mercury line. However,
other lines are also present but with considerably less intensity.
The emission spectra of this lamp is given in Figure 4. The G15T8 lamp


















































































































type CW so that variations in the line voltage would not produce
changes in the emission intensity. The intensity of the germicidal
lamp was measured with an Ultraviolet Products Co. black ray uv meter,
Mbdel J-225. A camera shutter assembly in the chamber allowed
exposure times to be accurate to within +0.165 seconds.
The irradiated samples were then placed in a Harshaw Rbdel 2000
TheLmoluminescence Reader, employing an Da 9656 photomultiplier tube
(P1r) operated at 800 volts corresponding to the maximum signal to
noise ratio for this device. TWo quartz plates were placed between
the crystal sample and the photomultiplier tub. This measure was to
insure that the tube would be isolated from the effects of long wave
(infrared) radiation from both the sample and the heating planchet.
An external heating rate below the minimum (2°C/sec) capabilities
of the Harshaw 2000 had to be employed to prevent thermal stress
destruction of the sample crystals upon heating to 280 °C. This was
accomplished by using the operational amplifier of a Heathkit Electronic
Analog Computer, Nbdel EC-1, with appropriate resistance (40 kilohns)
and capacitance (luF) across the input to output. This produced a
linear heating rate of 1.75 °C/sec throughout this phase of the experi-
nent.
A constant inert gas flow of nitrogen was flushed into the
Harshaw 2000A unit when reading the thermoluminescence. The purpose
of this was to eliminate spurious TL characteristic of this phosphor
as reported in the literature •l4
The thenaoluminescence output (detected by the P) and the heating
rate were fed to the Y and X inputs, respectively, of a Hewlett-Packard
19
Model 7000 X-Y recorder. In this way a plot of the TL intensity vs.
temperature, which itself is the glow curve, was obtained.
The polarization experiments were performed by placing an
ultraviolet polarizer in front of the camera shutter in the exposure
chamber. A calcite crystal was then oriented so that its c axis was
either parallel or perpendicular to the polarization direction at
exposure.
Optical absorption measuranants were made with a Cary-14
spectrophotometer. The uv wavelength range investigated spanned from
2000 A to 4000 A. For this measurement series, calcite samples were
polished to a high degree with fine grade aluminum-oxide powder on a
lapidary machine. This preparation was necessary to compensate for
any scattered light that may have produced spurious results.
The emission spectra data was obtained with a Bausch and Lomb
No. 45, 500ran monochromator with a grating of 1200 lines/mm. The
spectral coliponents of the emission were then detected by an EYE
9558 QA photomultiplier tube placed at the exit lens of the monochromator.
The output of the photomultiplier tube was recorded by a Keithley
Mbdel 601 electrometer which in turn fed the Y-input of a Nbseley
MOdel 7000A X-Y recorder. The X-input of the Moseley recorder was
controlled by the voltage drop across a ten-turn precision variable resis-
tor conneetPd to the wavelength drive of the monochromator. Because of
the limitations of the No. 45 monochromator the wavelength region inves-
tigated, spanned only from 2000 R to 6900 A, and was traversed in
approximately 40 seconds. This configuration allowed the Moseley XHY
recorciPr to sweep across the Y-axis with different emission intensities
20
as a function of the wavelength along the X-axis. To produce the
thenIcluminescence emissions the crystal samples were heated at the
very law but linear heating rate of 10 °C/min. This rate was effected
by systematically varying the voltage output of a Variac which then in
turn fed a soldering iron. The soldering iron temperatures were
checked with a chromel- alumel thermocouple and a Honeywell Model 2745
potentiometer. The linear rate was found to be within +1 °C/min of
the specified rate.
The experiments of TL sensitivity as a function of uv wavelorth
were performed using a Schoeffel GM 250D double monochrometer, Ebert
Type, with 1180 gr/mm, 41!Im slit width, and a 66 bandwidth. The
illumination system employed a Hanovia Type 9291300070, 2500 watt,
mercury-xenon, high pressure arc. The intensity output was neasured
with a calibrated United Detector Technology, Inc., series PIN 10
which drove a Keithley 610 B elect/ it.,teL.
The quantitative impurity analysis was done by atonic absorption
at the University of Kentucky, Lexington. A Beckman Atomic Absorption
Accessory with a Beckman DB-G grating spectrophotometer was used for
this part of the investigation. This system is capable of detecting





An investigation into the linearity of response produced the data
given in Figures 5, 6, 7, and 8. The data points represent the average
of the three readings with their respective error bars being the maximum
departures from the average. The data for these and all other lead-
manganese calcites studied for linearity have been curve fitted into
linear equations by computer. The results of this data are compiled in
Table 1.
Immediately obvious is the fact that lead-manganese calcites
piuduce thermoluminescence which is proportional to the incident
ultraviolet energy. However, a wide variation exists in the slopes
even from crystals cut flout the same larger rhomb. Also observe that
the slopes of peaks A and B of the same crystal differ greatly, A
always being much less than B. This suggests that the centers responsi-
ble for peak B are being filled at a faster rate than peak A. In
addition, the curve at higher uv energies tends to decrease f am its
linearity. This decrease is manifested in all lead-manganese calcites
studied and appears to be noticeable at around 0.6734 joules/cm2 for
most crystals.
The significance of the intercepts of these curves is that
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RESULTS OF CURVE FMING LINEARITY OF RESPONSE
















to noise ratios unity or less. Energy densities below 0.0384
joules/n2 produced signals that were too low for the Harshaw equip-
ment to detect. A computer fit of the data, therefore, indicates that
the curves do not pass through the origin. However, it is not known
if the crystals are insensitive to these lower energies or if indeed
a law signal does exist. Therefore, measurements of energy densities
in the millijoule/cm2 region may have to be perfont d using other
techniques such as pulse counting.27
An attempt was made to measure the linearity of response of
crystal NO. 81 which contained 56 ppm Mn and 112 ppm Pb. This type
crystal produced extremely small TL response and did not exhibit any
linearity over the range of energy densities investigated for good TL
crystals (100 sec to 500 sec of 1924 uW/cm2).
OeriCAL ABSORPTION
A comparison of the optical absorption curves of unirradiated
calcites of the systems CaCO3:Mn+Pb and Ca003:(low)Pb are given in
Figure 9. Notice that the (low)Pb system lacks definite peak structure.
Note, however, the absorption produced by the Mh+Pb calcite sample.
This system contains definite peak structure with peaks appearing at
3050 2800 and 2350 A. In addition, there is a large increase
in absorption from 2700 A toward the fundamental lattice absorption
edge. 28 Also note that in this wavelength region both curves have a
tendency to increase sharply.
The majority of the magnitude difference between the absorption
curve of Mh+Pb and that of (low) Pb occurs fret About 2700 R toward
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Figure 9. Comparison of absorption curves between crystal No.
75 and No. 1
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•
addition, coincident with the peak wavelength response of the Mh+Pb
calcite system. The previous findings are in agreement with investi-




The absorption of the system Ca003: (low) Mh+Pb after various stages
of uv iiiadiation is shown in Figure 10. Note that before irradiation
Ca(X)3: (low) Mh+Pb has a similarly shaped curve, but possesses greater
magnitude over the previous Ca003:(low) Pb. Upon irradiation for
2 hours with uv, a broad band is observed between 2300 A and 2700 A.
This obviously is the band prcruced by the lead since none of the
Characteristic manganese peaks are stimulated. Furthermore, uv
irradiation of 9 hours produced a decrease in this broad band with the
curve shape, however, being maintained.
The absorption of lead-manganese calcite after different stages
of uv irradiation is shown in Figure 11. Note that the Mh+Pb system
experiences first an increase in absorption and then a decrease in all
of the absorption bands of the manganese and in the region 2300 A to
2700 A, characteristic of the lead. The curve shape, however, was
generally maintained indicating that all bands were bleached at about
the same rate. After 9 hours of uv irradiation no significant change
was experienced in absorption, thus suggesting a saturation level was
reached.
This is contrasted to absorption changes introduced into manganese
calcite as a result of ionizing radiation. The literature reports peaks
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Figure 10. Absorption curves for crystal No. 88 after various
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Figure ll. Absorption curves for crystal No. 75 after various
stages of nv irradiation
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absorption have been correlated to color cent
er production by ionizing
radiation.3,4
An increase in absorption indicates trapping 
centers are being
filled with charges. This is demonstrated by
 the Ca(X)3: (low) Mh+Pb
system in the band 2300 R to 2700 and also by the CaCO3:Mh+Pb
system. The absorption changes for these 
two systems stimulated by
uv can be correlated to the increase in 
Absorption of manganese
calcite by ionizing radiation. The latter 
system experiences an
increase in color centers produced by ion
izing radiation with a subse-
quent increase in Absorption. This would
 suggest that the lead impurities
are closely associated with trapping center
s, since the absorption band
o 
2300 X to 2700 A is characteristic of the
 introduction of significant
amounts of lead into manganese calcite.
In Figure 12 the decrease in optical abso
rption is plotted against
wavelength for a typical crystal. Note the
 greatest decrease in
absorption is produced around the wavelen
gths 3300 A to 3100 A. A
decrease in absorption indicates that cha
rges are being removed from
trapping centers. The implication is tha
t this higher uv wavelength
range is responsible for removing charges f
rom already filled centers.
The GE 15T8 lamp contains a 3100 X and a 
3300 R line in its spectrum.




smaller than the main 2537 R line. It is possible, therefore, that 
the
3100 A and 3300 X lines may be responsibl
e for bleaching charges flow
already filled trapping centers at long
er exposures. This would
consequently reduce the total available 
thenruluminescence output at
the end of a given irradiation period.


















































































































































































































































An investigation of the decrease in response as a function of
repeated constant uv energy exposures revrals that the CaCO3:
NIni-Pb system loses TL response with increasing energy. The data
suggests that the decrease in TL peak height with ultraviolet energy
is proportional to the peak height,
as cfL- TL
dR
A least squares fit of the experimental data by computer on four
representative calcite crystals Figures 13, 14, 15, and 16 yielded the
following relation:
TL = II0 e-KR,
where: TL = the height of Peak A or B in 10-1° amps after
exposure of R ultraviolet energy,
TL o = the initial height of Peak A or B in 10-1° amps,
R = the uv exposure in jouies/cm2,
KA = rate constant for Peak A in cm2/joules,
KB = rate constant for Peak B in cm2/joules.
Presented in Figure 17 is the decrease in response that was pre-
viously shown with the following exception. After the characteristic
decrease trend has been established and after a total uv energy of 7.2
joules/cm2, an additional 0.6 joules/cm2 of 3125 R energy was added to
the total exposure of the crystal. These systems are integrating
systems; that is to say., if 3125 A produced TL then the 3125 A energy
would just add to the previously absorbed energy. But this is not
the case, a large decrease is experienced after the addition of this
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Figure 13. Decreace in response as a function of repeated uv
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Figure 14. Decrease in response as a function of repeated uv
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Figure 15. Decrease in response as a function of repeatod uv
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Figure 16. Decrease in response as a function of repeated uv
















after additional dose of .6 joules/crn2 3125 A
N,
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Figure 17. Decrease in responN with additional dose of .6
jou1es/cm2 of 3125 X radiation
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band 3100 R to 3300 R was suggested to be responsible for the bleaching
of already filled traps. In this study a wavelength energy in this
region significantly decreases TL. This can only be attributed to
the bleaching of already filled traps by this wavelength (3125 FO
with the resulting decrease in total available TL.
Inspection of all the previous response curves suggest considerable
variation in the rate of decrease of peak heights. This is manifested
in Table 2 for KA and KB of each crystal measured. The rate constants
are different for each crystal but there is some agreement between KA
and KB of the same crystal.
Since there is considerable variation in peak height, the total
energy absorbed is different for each crystal. The bleaching rate was
found to depend on the absorbed energy (available thermoluminescence)
and on the total nuMber of filled centers, which is a function of the
impurities. Therefore, the rate constant K would be more sensitive
to variations in impurity levels than on bleaching wavelengths. On
the other hand, R depends on the bleaching wavelength energies because
all curves decrease exponentially with unit increase of uv energy.
The constants K and R can thus be more correctly expressed as:
K = K (Mh,Pb),
R = R (3100 R, 3300
where: Nt: = concentration of manganese,
Pb = concentration of lead,














The results of an investigation into the dose rate dependence
are compiled in Table 3. From inspection of the data it is concluded
that naturally occurring lead-manganese calcites exhibit dose rate
independence to within +15% in the range 75 UW/cm2 to 1600 uW/cm2.
It will be noted that the higher dose rates produce a slight
decrease in response compared to the other rates in all the crystals
studied. This can be correlated with the previous study made of the
decrease in response as a function of energy. Subjecting the phosphor
to higher uv energy exposures of the GE 15T8 lamp would allow those
bleaching wavelengths to become more important in depleting previously
filled centers.
An attempt was made to neasure the peak height parameter at lower
dose rates (below 5 UW/cm2). Even with large integrating times these
measurements proved to be spurious, with the signal to noise ratios
being approximately unity. Therefore, further investigations into dose
rates of a few microwatts per square centimeter and below were
abandoned.
WAVELENGTH RESPCNSE
Investigations of the thermoluminescence response as a function
of wavelength for lead-manganese calcites are presented in Figures 18,
19, 20, and 21. Each sample was irradiated with a constant energy of
4 joules/cm
2 
at each of the wavelengths stwlied. The wavelength regions
2550 A to 2700 A and below 2300 R were unobtainable from the Schoeffel



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































It can be observed from the data that there is a definite
maximum at about 2537 A. The curve, however, is not symmetric about
the maximum and falls off more rapidly toward the lower wavelength
side of the 2537 A peak. This TL response vs. wavelength data is
consistent with the study made by Schulman, Evans, and Gintherl on
the phosphorescence vs. wavelength of lead-manganese calcite.
Additional observations of the data indicate the peak height
response flui, 2700 R to 3125 A of all the lead-manganese systems
studied yielded practically the same magnitude. However, the fact that
these systems have considerable variations in both lead and manganese
concentrations suggest that this portion of the wavelength response may
depend on some other parameter besides impurity concentrations. The
response at the peak and toward the lower wavelengths is different
and more noticeable from crystal to crystal.
Comparison of the TL response vs. wavelength of the systems
Ca003: (low) Nh, (low) Pb and Ca01103:Pb are given in Figures 22 and
23 respectively. Both of these systems have a high wavelength decay
similar to the high concentration lead-manganese system and approach
a peak in the 2400 R. to 2500 X region.
Sample No. 21, however, does not contain any manganese, yet its
response is similar to the response of the lead-manganese system.
1edlin17 reports that Pb
2+ 
can also function as an activator and pro-
duces glow peaks at 300°K and 410°k, but with low efficiency. However,
the observed glow peaks of this system were found to occur at 347°K
and 484°K. If these are the same peaks Medlin observed, indications
are that the wavelength response for Pb
2+























































































































































































































































































































to the response of the lead-manganese system. The noticeable
amplitude difference between the two systems is the probable result
of the relative efficiencies of the two activators, lead and
manganese.
TL CEARACTERISTICS DEPENEENT ON CRYSTAL ORIENTATION
The results of measurements of the difference in TL response
of lead-manganese calcite irradiated with polarized ultraviolet
radiation are given in Figure 24.
This data suggests that the lead-manganese crystal studied
exhibited a somewhat different TL output upon excitation with
polarized uv radiation. It will be noted from observations of the
data that the linearity of peaks A and B are not altered. However,
the slopes are different for each orientation of the c axis of the
material, indicating consistently different response. Greater TL
output was obtained with the c axis of the material perpendicular
to the polarization direction of the radiation.
This effect can be correlated with the anisotropic 2950 R
absorption in calcite as reported in the literature4 and the previous
TL response vs. wavelength study in this paper. The emission spectra
of the GE 15T8 lamp contains a 2955 A line along wit'l the main 2537
line. Both these uv lines produce TL in calcite (wavek -ulgth response
study). However, the 2955 A line produces only About 5% of the TL
output compared with the 2537 line for the same energy input.
The combined effect is to superimpose onto a nonanisotropic high
intensity 2537 absorption, an anisotropic lower energy 2955 R
absorption. The total TL would then be the sum of the nonanisotropic
41
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Figure 24. Response of CaCO3: Mh+Pb under polarized uv
irradiation
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wavelengths combined with the contribution fram the anisotropic
2955 line dependent on orientation.
In addition, this data indicates that impurities alone are not
the only mechanism:, absorbing uv and ultimately producing thermolu-
minescence. The 2955 X anisotropic optical absorption in calcite
has been attributed to the CO3 group, and not the Ca2+ ion. The
lead (Pb21") and manganese (4h24") substitute for the nonanisotropic
Ca2+ ion in the matrix29 and cannot be expected to produce any
additional anisotrophy. The indication is that a center associated
with the CO3 group is capable of producing TL from absorption of
2955 radiation, but with considerably less efficiency.
FADING
An investigation of the isothermal fading of peak B at room
temperature ( 24°C) is given in Figure 25. Notice that the curve
uncorrected for sensitivity change suggests that peak height decay
takes place more rapidly than is actually experienced. However, the
sensitivity corrected curve indicates only a slight decrease in peak
height parameter with time. This data demonstrates good thermoluminescence
retention for peak B, and for the 123 hours investigated the decrease
in peak height was less than 15%.
A least squares fit of the experimental data by computer on




where: TL = height of peak B at time t in 10-1° amps,











































































































































































K = 0.524929 10-4/hr,
T = elapse time in hrs.
EMISSION SPECTRA
The thermoluminescence emission spectra corrected for instrument
response3° of the lead-manganese system of calcite is given in Figure
26. Due to limitations of the Bausch and Lomb No. 45 monochromator
the maximum was limited to below 6900 A. The data indicates a well
defined peak at 6500 (A and broadening from approximately 5100 to
above 6900 A. This agrees with the emission spectra of x-ray excited
luminescence of the system CaCO3: Mn.1
Also observed was definite phosphorescence of the systems
CaCO3:Mh+Pb, CaCO3: (low) Mh+Pb, and CaCO3: Ph under ultraviolet
excitation, Figure 27. The intensity of phosphorescence is correlated
with the relative TL response of these systems. Sufficient lead-man-
ganese concentrations yielded maximum phosphorescence followed by low
concentration lead-manganese, and finally minimum phosphorescence by
lead calcite. NO quantitative information was obtained, however, on
the phosphorescence of these systems other than the above observation.
IMPURITY ANALYSIS
The results of the quantitative impurity analysis by atomic
absorption for the trace elements of manganese and lead are given in
Table 4. Observe that the samples contain lead and manganese with a
wide variation of concentrations. However, the good TL producing
crystals are the ones with approximately 4000 ppm manganese combined









































































































































































produced from crystals with under 70 ppm manganese, but with between
100 ppm and 250 pin lead.
A qualitative analysis by x-ray fluorescence reveals that most
samples contained additional trace elements of phosphorus, iron,
nickel, strontium, potassium, and rubidium. There is no indication
from the literature that these elements are responsible for pioducing
thermoluminescence in calcite. Iron and nickel, however, have been
found 4:o function as quenchers of TL in calcite, 21 but no attempt was




The results of the studies presented in this paper suggest a
model fur the behavior of lead-manganese calcite under ultraviolet
excitation.
1. Ultraviolet radiation incident on lead-manganese
calcite is absorbed primarily by the lcad ions
and secondarily by centers associated with the
0D3 groups. In addition, the lead ions have been
found to be intimate with trapping centers activated
by ultraviolet radiation. This was correlated to
color center production in calcites containing only
manganese by ionizing raciation. Both systems
utilize the same activator for emission and thus have
the same emission spectra. However, the lead-manganese
system derives its excitation from Absorption in the uv
while the latter system is stimulated from ionizing
radiation.
Kolbe and Smakula4 have produced color centers in calcite with
300 eV electrons to form a hole trap (V center) from CO3- and an
electron trap (F center) froin Ca+. Medlin3 has produced the same
color centers in manganese calcite by x-rays. The optical absorption
peaks for these systems are found to appear at 3500 R, 3100 A, 2950 A,
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2600 R, and 2300 R as a result of this ionizing radiation. However,
the lead-manganese system produces a broad absorption peak from
2300 R to 2700 A as a result of ultraviolet radiation. It requires an
average of about 300 eV to form one color center of the 003- and Ca+
varieties in calcite.4 The TL response dependent on orientation study
suggests that a small number of some such centers associated with the
003 groups are being stimulated by uv and ultimately producing TL.
2. The linearity of response suggests the number of absorbing
centers stimulated in the lead-manganese system is directly
proportional to the amount of uv radiation energy received.
The lead-manganese system was found to be most efficient
for stimulating wavelengths around 2537 A. This wavelength
region also is coincident with the characteristic broad
optical absorption band (2300 A to 2700 4k produced by the
introduction of lead into the calcite matrix. The stimula-
tion, therefore, consists primarily of 2537 A radiation.
This results because the GE 15T8 lamp does not produce any
uv lines below 2537 A and from above 2537 A to 2955
In this wavelength region the response of the lead-manganese
calcite is maximum and falls off rapidly on either side of
the 2537 A peak. Thus, the only radiation wavelength
producing significant TL is the 2537 R line.
3. The thermoluminescence response was found to be a function
of both the concentrations of lead and manganese. The
good TL response producing crystals having approximately
4000 pi manganese with between 250 to 450 pin lead.
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Crystals with sufficient amounts of lead but with
insufficient concentrations of manganese produced
very little thermoluminescence. If the numbers of
emission centers (Mh) are extremely low then very
little TL would be produced even though there are
enough absorbing centers (Pb). However, crystals
studied that contained lead with no manganese still
produced some TL. On the basis of this data lead
could function as the activator, but with law
efficiency, as proposed by Medlin.17 This could
account for the fact that (low) Mft+Pb and (low) Pb
concentrations produced the same shape TL response
vs. wavelength curve as the CaCO3:na+Pb system, but
with considerably lower amplitude. The number and
identity of the activators (Mh) being significantly
greater in the case of the Ca003:Mh+Pb system and,
in addition, having a greater emission efficiency.
4. The wavelength region 3100 to 3300 A was found to
be responsible for bleaching charges from trapping
centers previously stimulated. The emission spectra
of the GE 15T8 lamp includes 3100 A and 3300 A radia-
tion, but with low intensities. Since these lines were
present when the linearity of response study was made,
it is conceivable that the effect at higher exposures
was to result in deviations from the observed linearity.
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Consider by assumptions 1, 2, and 3 that the TL is proportional
to the 2537 X ultraviolet radiation. However, crystal sensitivities
are subject to wide variations and in general sensitivities are func-
tions of the concentrations of lead and manganese.
Then: dTL
dR1
where: TL = 6500 emission,
R1 = 2537 A stimulation,
Pb = concentration of lead,
Mh = concentration of manganese,
F = same function.
Consider also from assumption 4 that the 3100 X and 3300 A lines
of the GE 15T8 lamp are bleaching charges flan already filled traps,
thus reducing the available TL at tile end of a given irradiation period.
Consider the 3100 line to be the predominating influence because of
its relative intensity over the 3300 line.
Then: dTL 0( -TL,
dR2
o 
where: TL = 6500 A emission,
R2 = 3100 A bleaching.
Since the R2 radiation intensity is just a factor ( 10-2) less than
the main 2537 X RI radiation then,
R24 R1,
dR2 cs( dRi •
Substituting R1 back into the previous equation for R2 and coMbining the
TL contributions from assumptions 1, 2, and 3 the following differential
equation can be constructed.
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daL
+ K (Mn ,Pb) TL = F (Mh,Pb),
dRi
which is a first order linear differential equation, but is not exact.
If the following integrating factor is used the previous differen-
tial equation he.romes exact.
jrK(Mil,Pb)dRi,
fruit which the below solution follows
TL = F (Mh,Pb) R1 - C'(Mn,Pb) e-K(Mil,P))R1.
The function F and the constants K and C', however, depend on two
variables, the concentrations of lead and manganese. To separate the
two dependencies, crystals were selected with similar concentrations of
manganese, Table 5. The lead concentrations of these crystals were
then plotted against their respective slopes of linearity, Figure 28.
An attempt was made to fit the data and give F an analytic expression.
However, due to the insufficient number of data points and the irregular
shape a good fit was not possible. Therefore, the lines connecting
the data points represent only the trend in the measurements. The
function F and constants C' and K are still complicated functions of
Pb, but the Mn dependency has been supressed. What this data demonstrates
is that the best TL crystals are not the ones that necessarily maximize
the concentrations of Pb. Rather, there is a more efficient concentra-
tion of lead for a given level of manganese.
In Figure 29 is plotted the average value of three measurements
for peaks A and B against the theoretical expression developed previously
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Figure 29. Comparison of TL response of theoretical curve with
experimental data
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with observation. It will be noted that for small irradiation
energies, the dominate term is F(Mh,Pb)R1. In this region the curve
is linear. At larger irradiAtion energies the factor e -K(Mn,Pb)R1
causes the deviation fram linearity observed. It is, therefore,
concluded that the theoretical expression is at least a good first
order description of TL stimulated by ultraviolet radiation in good





As a consequence of the investigations presented in this pa jr
the following conclusions are evident.
Lead-manganese r lcite produces thermoluminescence primarily by
absorption of ultraviolet energy by the lead ions. These lead ions
have been intimately connected to trapping centers pioduced by stimula-
tion from uv radiation. The emission is a result of transfer of energy
from the lead ions to the manganese ions with the subsequent luminescence
a result of transitions in the manganese ion. Another absorption center,
associated with the 003 groups, also absorbs uv and presumably transfers
this energy to the manganese ions, resulting in a very small contribution
to the total TL. In addition, the lead ion also functions as an emission
centrar, but with low efficiency. Crystals of this type (no or low man-
ganese) produced TL which was very low in intensity and exhibited no
linearity of response. Crystals with the same concentrations of manganese
produced TL which was dependent on the concentrations of lead. Increasing
the amount of lead produced decreased TL levels, indicating that a certain
ratio exists between concentrations of lead and manganese that maximize
TL. Optical bleaching of charges from trapping centers was produced by
the uv band 3100 to 3300
72
APPLICATION TO DOSIMETRY
Fram the results of this study it is concluded that naturally
occurring lead-manganese calcites could be employed as ultraviolet TL
dosimeters with minor difficulty. Because of the significant difference
in peak height response and thermal stability, peak B would make the
best choice for the dependent variable in uv radiation measurements.
It has been shown that this system displays linearity of response to
ultraviolet energy densities in the range 0.03848 joules/cm2 to
0.67340 joules/cm
2
. However, each crystal would have to be calibrated
to determine its particular slope of linearity (sensitivity). This
systen has also been shown to possess good time retention (fading)
characteristics of thermoluminescence, if the sensitivity change is
known and appropriately corrected. In addition, lead-manganese calcites
have been shown to display dose rate independence within +15% over the
intensity range of 75 UK/cm? to 1600 uW/cm2. It would also be possible
to mploy lead-manganese cai  cites to detect polarized uv radiation
using the difference in TL response for a given orientation. Quantita-
tive information is still possible since the linearity of response is
preserved for both orientations. This would, however, involve the
process of crystal cutting as described in Appendix I. Finally, with
special filtrq-ing it would be possible to detect ultraviolet energy
with wavelengths from 2300 R to 2700 since this system produces
adequate thermoluminescence throughout this wavelength region.
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APPENDIX I
PROCEDURE USED FOR CRYSTAL CUTTING
The following are well known facts about calcite.
The trigonal structure of calcite can be visualized as resembling
an NaC1 cube deformed along the body diagonal such that the (111)
direction of NaC1 is pirallel to the c axis of calcite. The Ca2+ ions
take the place of the Nat, and the COI- that of Cl- ions. The CO3
groups form triangles whose planes are oriented normal to the c axis
or optic axis.4
There are throe different directions in the calcite crystal such
that the crystal splits easily along the planes perpendicular to
these directions. These planes are known as cleavage planes. A cal-
cite sample in this form is known as cleavage form, which is a rhombo-
hodron whose faces are parallelograms in which the obtuse angle is 102
degrees, Figure 30, A.
According to Towne31 and others32, the c axis lies in a plane of
a principal section, Figure 30, B, and oriented to it at an angle of
45°24', Figure 30, C.
Tb obtain samples of calcite that were parallel and perpendicular
to the c axis, and to minimize waste,the following method was employed.
Large calcite samples in cleavage form were affixed to flat glass
slides using CENCO Plicene Cement. Application of the cement required
sample, glass slide, and cement to be brought to 80 °C, where the cement
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became viscous. Upon cooling the cement hardened and fastened the
crystal to the glass slide. The glass slide and the calcite sample were
then placed in a steel holder and positioned onto the magnetic
chuck of a Micromatic Wafering machine with a diamond saw blade.
Sections (principal sections) of 5 nra dimensions were then cut at 51
degrees, i.e. the bisectors of the obtuse angle, Figure 30, B. The
c axis of that section will then lie in that plane at an angle of
45°24'. At this point the principal section, glass slide, and cement
were again brought to 80 °C to melt the Plicene Cement and reposition
the principal section with its flat side down, Figure 30, C. Sections
of 5 mm were then cut parallel to each other the length of the principal
section. The sample holder and sliced principal section were then
reoriented on the magnetic Chuck, such that wafers could be cut 1 nan
thick, Figure 31, B. These cuts pi uced samples that were perpendicu-
lar to the c axis (flat side) with dimensions 5 mm X 5 mm X 1 mm.
TO obtain samples parallel to the c axis, the sample holder and
principal section were oriented at an angle of 135°24' (90° + 45°24')
to the diamond saw blade, Figure 32, A. Sections of 5 mm were then cut
rallel to each other the length of the principal section. The sample
holdPr and sliced principal section were then reoriented on the magnetic
chuck, such that wafers could be cut 1 mm thick, Figure 32, B. These
cuts produced samples that were parallel to the c axis with dimensions
5 mm X 5 mm X 1 mm.
Crystal samples were catalogued with two numbers. Crystals with
the same first digit originated from the same larger rhomb. Numbers 0
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Figure 31. Orientation of principal section for wafOring
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Figure 32. Orientation of principal section for wafering
samples parallel to the c axis
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to the c axis of calcite. Numbers 5 to 9 for the second number
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